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thermodynamic system
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[1] Orbit-averaged mass densitics 7 and exospherie temperatures T, inferred from
measurcments by aceelerometers on the Gravity Recovery and Climate Experiment
(GRACE) satellites are used to investigate global energy E;, and power Iy, inputs to the
thermosphere during two complex magnetic storms. Measurements show 75, T, and

E,, rising from and returning to prevailing basclines as the magnectospherie eleetric field
cys and the Dst index wax and wane. Observed responses of Ey, and 7. to eyg driving

suggest that the storm time thermosphere evolves as a driven-but-dissipative
thermodynamic system, described by a first-order differential equation that is identical
in form to that governing the behavior of Dst. Coupling and relaxation coeffieients of the
Eih. T, and Dst equations are established empirically. Numerieal solutions of the
cquations for T, and E, are shown to agree with GRACE data during large magnetic
storms. Since T, and Dst have the same syg driver, it is possible to combine their
governing equations to obtain estimates of storm time thermospheric parameters, even
when lacking information about interplanetary conditions. This approach has the potential
for significantly improving the performance of operational models used to caleulate
trajectories of satellites and space debris and is also useful for developing forensic
reconstructions of past magnetic storms. The essential correetness of the approach is
supported by agreement between thermospherie power inputs caleulated from both
GRACE-based estimates of E,;, and the Weimer Poynting flux model originally derived
from cleetric and magnetic field measurements acquired by the Dynamics Explorer 2

satellite.
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1. Introduction

[2] Thc US Spacc Survcillance Network (SSN) is rcspon-
sible for tracking and predicting the trajcctorics of
thousands of spacc objects. Precise orbit determinations
require accurate knowledge of existing distributions of mass
in the thermosphere. The performance of opcrational mod-
cls of thc thcrmosphcere needed to calculate drag forccs is
satisfactory during quict times but degrades as gcomagnetic
activity incrcascs. During the magnetic storm of March
1989 more than 1500 objects in the SSN catalog were
tcmporarily lost. The destruction of Feng Yun [IC by an
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antisatellite wcapon in January 2007 created morc than
2500 ncw debris fragments in low Earth orbit (LEO). The
potential for dcbris from Feng Yun and preexisting objects
to inflict scvere to catastrophic damage on spacecraft
operating in LEO has refocuscd attention on thc neced to
strengthen collision-avoidance capabilities [Wright, 2007].
This in tumn rcquircs improved specifications of thermo-
spheric conditions during severc space weather events.

[3] This paper describes a new approach to specifying
thermosphcric dynamics that was developed at the Air
Force Rescarch Laboratory (AFRL) to support opcrational
storm time drag calculations [Bowman et al., 2008]. It
extends three AFRL studies of ionospherc-thermosphcre
(IT) responses to external driving during magnetic storms.
The first study, by Huang and Burke [2004], showed that
during thc main phases of large magnetic storms Defense
Mcteorological Satcllite Program (DMSP) spacecraft en-
counter rcpeated episodes of intense (>1000 nT) magnctic
perturbations at magnetic latitudes <60°. Thesc cvcents
produce only weak (<100 nT) disturbances on thc ground.
Conscrvative estimates of the total clectromagnctic encrgy
dcposited in the ionosphcre over a typical 20-minutc epi-
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sode were a few percent of the ring current energy deter-
mined from the Dessler-Parker-Sckopke relation [Carovil-
lano and Siscoe, 1973; Stern, 2005). Huang and Burke
[2004] concluded that: (1) models that rely on data from
ground magnetometers at auroral latitudes greatly underes-
timate 1T energy inputs, and (2) the ring current acts as an
cnergy reservoir for heating the storm time thermosphere.

[4] The second AFRL study compared these conclusions
with the dynamics of neutral densities infcrred from meas-
urcments of accelerometers on the Gravity Recovery and
Climate Experiment (GRACE) satellites during the storms
of November 2004 [Burke et al., 2007a). This purely
observational study yielded five empirical conclusions:

[s] 1. Consistent with conclusion (1) of Huang and Burke
[2004], present drag models use the ap indcx as a driver and
underestimate observed storm time density increases by
>100%.

[6] 2. While crossing the polar cap near the noon-mid-
night meridian GRACE experienced unpredieted large pos-
itive and negative drag spikes as the spaceeraft encountered
head and tail winds driven by antisunward convecting ions.

[7] 3. Local densities p vary widely but orbital averages p
evolve systematically during storms.

[8] 4. Magnetospherie eleetric fields cyg = ®pc/2LyRg
predicted from parameters observed at L, anticipate varia-
tions of p with ~5 hr lead times. The symbols $p¢ and
2LyRg represcnt the polar cap potential and width of the
magnetosphere, respeetively. Ly is the distance in Rg from
the Earth’s center to the magnetopause along thc dawn or
dusk meridian.

[¢9] 5. During main and early recovery phascs of storms
the Dst index tracked p variations. From storm to storm,
when eys — 0, p relaxed to prestorm levels at about the
same rate. Dst returned to quict time values at a much
slower pace.

[10] Since the Dst and ap indices mostly rcflect ground
effects of magnetospherie and ionospheric Hall currents,
respectively, and magnetospheric electric ficlds cnergize
ring current particles, conclusions (1), (4), and (5) seemed
to confirm the essential correctness of the ring current
reservoir hypothesis. Allowing for local “density spikes™
represented by (2), the systcmatic variations of p confirmed
a suggestion of Wilson et al. [2006] that, on a global scale,
the storm time thermosphere evolves as a large thcrmody-
namic system that ncver strays far from diffusive equilibrium.

[11] Wilson et al. [2006] analyzed neutral densities in-
ferred via the High Accuracy Satellite Drag Model
(HASDM) [Casali and Barker, 2002] during all geomag-
nctic disturbances in the first six months of 2001. HASDM
assimilates drag measurements from 75 calibration satellites
with perigees ranging in altitude from 200 to 800 km.
Consistent with the first law of thermodynamics, storm
time variations in p reflect the thermal and gravitational
encrgy histories of the thermosphere. Compiled energy
histories derived from HASDM outputs were shown to be
in substantial agreement with power into the high-latitude
ionosphere predicted by the Poynting flux model of
Weimer [2005] (W5). The W5 model combines statisti-
cally determined, high-latitude electrostatic and magnetie
Euler potential responses to interplanetary changes to
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estimate Poynting fluxes into the global ionosphere and
thermosphere. As such it does not requirc prior knowl-
edge about distributions of ionosphcric conductance.
Beeause some fraction of the energy dcposition occurs
at altitudes below 200 km, W5 predictions exceeded
HASDM-based calculations.

[12] In the third AFRL study Burke [2008] explored
relationships implicit within the model of Jacchia [1977]
(J77) to quantify thermospheric encrgy budgcts during large
magnetic storms. The choice of J77 was one of eonve-
nience; in principle these techniques can be adapted to any
model. The J77 model uses analytic diffusion formulas to
calculate density (p) and temperature (T) profiles for any
exospherie temperature (T,.). Appendix A provides the J77
equations uscd to specify temperature profiles. Exospheric
temperatures T, uniquely specify both density and temper-
ature profiles. The modeled atmosphere consists of a fixed
number of diatomic (N>, O,) and monatomie (O, Ar, He, H)
species (o). At altitudes <90 km, specics are well mixed
and maintain approximately the ground fractional densitics.
A minimum tempcrature of 188 K is assigned at the
mesopause altitude h = 90 km. Above 90 km all species
are in diffusive equilibrium specified by T(h) profiles that
pass through inflection points at 125 km and approach T
at high altitudes. For energy calculations below we definc:

number densities n(r) = 3 n,(r), mean masses 7i(r) = =53
mqn, (r), mass densities p(r) = A(r)n(r) and the heat

capacity

SH

Cy(r) z

(S RV e

(
where r = Rg + h is distanee from the Earth’s center; k3 and
A are Boltzmann’s constant and Avogadro’s number,
respectively. The approximation sign in cquation (1)
recognizes the absence of ehemical reactions in the J77
thermosphere. In the model, height profiles of p and T are
uniquely specified by T.. Since p is measured and the
orbit-averaged altitude (%) of GRACE is known, it seemed
possible to use these two parameters to determine T, . Least
squares testing revealed relationships between T, and p(h)

found in J77 tables that are well represented in the form of a
quadratic polynomial

(n]N2] +n[0,]) +%(n'0] + n[Ar] + n[He] + n[ll:)}

M

2

Ty =Zaimﬂi@) (2)

i=0

In the 300 < & < 500 km altitude range sampled by the
GRACE and Challenging Minisatellite Payload satellites,
the coefficients a;(h) are deseribed by Sth-order polynomials.

5 .
j=0
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Specifically
a9(h) ~28.10 2.69 —2.03x 107}
a(h) | =] —4733x 107 4312x10" —1.372x 10V
a (k) 3.2695 x 10%2 —4.620 x 10 2,618 x 10?*

Rcgression cocfficients obtained in fitting T, and a; to
polynomials exceed 0.999. In applying cquations (2), (3) and
(4), P and h are in grams/ee and kilometers, rcspectively.

[13] The total thermospherie energy density is the sum of
thc thermal nz(r) = Cy (r)n(r)T(r)/A, and potential energy
contributions ¢g () = K{r)MgG/r [Wilson et al., 2006). The
symbols M, and G represent thc Earth’s mass and the
gravitational constant, respeetively. To estimate the thermo-
sphere’s total energy content Ey, = Hr + @, it is neeessary
to integratc 7(r) and ¢g (r) over thc volumc of the
thermosphere. Our use of p has effcctively averaged latitu-
dinal vanations of the integrands. Local time integrations
are effected via considerations of cxosphcric tcmpcrature
distributions in the Jacehia models where T., ranges be-
tween some minimum and maximum values with a ratio
of R = 1.31. Polar-orbiting spaeccraft like GRACE samplc
globally avcraged cxospheric temperatures 7o =~ 1.155T.
min regardless of the local times of their orbital plancs. Note
that current drag models determine the parameter 7, .
from eombinations of avcragc and present levels of solar
EUV radiancc proxies and the prevailing ap index [Bowman
et al., 2006]. The total thermal energy is approximately

R +1000 Ry +1000

n(ryrdr = %r Cy (Pn(r)T(r)dr (5)

Ry +ho

Hf =~ 4r

Ry +hy

Since we are only interested in changes in potential energy
it is uscful to sct the potential cnergy of the thermosphere to
zcero at the base of the integration range [Wilson et al., 2006]
and represent the gravitational encrgy of thermospheric
ncutrals as

Ry +1000
&, =~ 4w [o(r) — o(ro)]ridr
Re+ho
R +1000 o
= 47M G o(r) [- = —] Pdr (6)
r o ro
Re+ho

With information availablc in J77 tables, Burke [2008]
caleulated the intcgrands of (5) and (6) for 700 < T, <
2000 K at inerements of 100 K then numerically intcgrated
them upward from an altitude of 100 km to obtain Ey, as a
function of T.. A lincar regression analysis of thc rcsulting
Eu as a function of T.. showed that

Ep(h > 100km) = 5.36510'7 + 8.727 10" T~ (7

BURKE ET AL.: STORM TIME THERMOSPHERE
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0 0 0 I_:‘z

1.60 x 10'® 0 0 x| =3 (4)
—7.456 x 10¥  1.071 x 102 —-6.237 x 10"° F‘

with a rcgression coefficient R > 0.998. Wc scc that if 7
changes by 100 K, Ey, gains/loses ~8.7 « 10'® J. Over the
rangc 700 < T,. < 2000 K, Ey, only varies by ~15%.

[14] The following seetion briefly describes data sourees
uscd in this report. The third scction presents orbital
averaged densities measurcd by GRACE during the summer
and latc autumn of 2004, as well as exospheric tempcratures
and thermospheric energies derived from them via J77.
These parameters are compared with Dst and cys. Our
analysis of GRACE data indicates that storm time E,,
relaxes exponentially to predisturbance levels when sy
turns off. In the fourth section we treat I, T, and Dst
as manifestations of driven-dissipative systcms with thc
same cyg driver and eompare predictions with available
observations. The fifth seetion contains a summary of
rescarch presented in this paper, a list of its new conclu-
sions, and offers comments on the limits of applicability for
coupling coefficients derived from GRACE measurements.
The doeument also eontains two appendices that deseribe
the J77 model and thc derivation of &y-.

2. Data Sources

[1s] Thermospheric mass densities are estimated from
measurements of ncarly identical Spatial Triaxial Aeeeler-
ometer for Researeh (STAR) sensors on CHAMP and two
GRACE satellites that fly in tandem in nearly circular, polar
orbits [Tapley et al., 2004]. STAR scnsors monitor electro-
static forces needed to maintain proof masses (PM) at the
center of cages loeated within 2 mm of cach spacccraft’s
centcr of mass [Bruinsma et al., 2004]. The spaceeraft and
PM rcspond to gravity in the same way. Thus changes in the
electrostatie forees that maintain the PM at the center of its
cagc reflect spacccraft responses to nongravitational forces
sueh as atmosphcric drag and radiation pressure [Bruinsma
and Biancale, 2003]. Acceleration due to atmospherie drag
is given by

Urag = CD(As'u Msc)/)vz (8)

where A, and M., reprcsent the cross-sectional arca and
mass of the spacecraft, respectively, p the mass density of
the ncutral atmosphcre, and V is the spacecraft velocity in
the rest frame of ambient neutrals. The drag ecoefficient Cp,
depends on the angle of flow to the spaceeraft surface, the
ratio of the temperatures of the satellite surface and the loeal
atmosphere, and the ratio of the mean mass of atoms in the
atmosphere to those on the satellite surface [Brainsma and
Biancale, 2003].

[16] To maintain the same temporal eadenee as Dst, syg
values presented in this papcr wcre calculated using hourly
averaged values of solar wind and IMF parameters from the
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Figure 1. Geophysical paramctcrs and thcrmospherie

responscs obscrved by GRACE. From top to bottom, plots
show the history of the Dst index, cys, as well as orbit-
averaged measurements of mass density p, exospheric
temperature 7., and thermospheric energy Ey. Data are
plotted as functions of universal time from Julian days 150
to 230, 2004.

Advaneed Composition Explorer (ACE) satellite in a halo
orbit around the L, point, ~234 Rg upstream of Earth. The
solar wind density and veloeity are measured by the Solar
Wind Eleetron, Proton, and Alpha Monitor (SWEPAM)
[McComas et al., 1998]. The interplanctary magnetic field
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(IMF) vector is observed by thc magnetic field instrument
(MFI) [Smith et al., 1998].

3. GRACE Observations

[17] Figure 1 includes plots of the geophysical parametcrs
Dst (top) and eys (seeond) as well as orbit-averaged
measurements of p (third), T~ (fourth), and E,, (bottom)
acquircd by GRACE between | June and 17 August 2004
(Julian days (JD) 150 to 230). During this interval
GRACE’s orbit-averaged altitude was ~486.5 km; its
orbital plane precessed from near the noon-midnight to the
dawn-dusk meridian. Values of T, and Ey, were obtained by
applying equations (2) and (7) to the p(¢) stream. The data
plots show that 7. ranged from 750 to 1200 K and Eg
between 6.05 and 6.4« 10'7 J over this period.

[18] Last three data plots in Figure | show that B(z), T
and E, vary on two time scales: (1) low-frequency varna-
tions with the 27-day solar rotation, and (2) outerops that
emerge in response to changes in geophysical conditions
related to intensifieations of Dst and eys. The largest change
in the Ey, trace of ~3-10'® J occurred on JD 209 in response
to interplanetary forcing when Dst attained a minimum
value of about —200 nT. The cnergy of the ring current
Erc estimated via thc Dcssler-Parker-Sckopke (DPS) rcla-
tion [Stern, 2005] is

3EpmDst
2By

Erc(J) = ~ 2.58 - 10" Dst(nT) (9)
where By = 3.1 ¢10* nT is the magnetic field at the equator,
and Ey = 8 + 10" J is the energy of the magnetic field
abovc the Earth’s surface. Equation (9) indicates that at its
maximum value Egc ~ 5.16+ 10'° J and was substantially
smaller than the inerease in Ey. This empirical result
indicates that the ring current reservoir hypothesis is
untcnable. A large fraction of the storm time energy budget
comes from the solar wind to the thermosphere, unmediated
by the ring current.

[19] Figure 2 compares the same geophysical and
GRACE parameters measured during JD 305-330 (2-27
November 2004) using the format of Figure 1. The orbital
plane of GRACE was near the noon-midnight meridian. The
Dst plot shows that two major geomagnetie disturbances
oceurred between JD 312 and 315 (7-10 November).
Similar disturbances appear on all of the other plots. Dst
minima were —373 nT (06:00 UT, 8 November) and
—289 nT (10:00 UT, 10 November). The eorresponding
values of Egc are 9.62 and 7.46 « 10'° J; predisturbance
baselines for_Tx and E,;, were near 900 K and 6.15 « 1077,
respeetively. T rose to 1390 K at 07:00 UT on JD 313 and
1350 K at 10:00 UT on JD 315. E, maxima at thesc times
were 6.58 and 6.52 « 10'7 J. Again, corresponding AEy,
values of 4.3 and 3.7 « 10'® J exeeed estimates of Eg¢ 9.6
and 7.5+ 10'° J, respectively.

[20] Burke et al. [2007a] found that storm time thermo-
spherie density inereases always relaxed at the same rate
when eys turned off. It turns out that the storm time
thermosphere loses its storm time energy inerement expo-
nentially with time. This is demonstrated in Figure 3 in
which eys and the natural logarithm of E, are plotted as
funections of UT during the disturbed interval JD 204--211
(22-29 July 2004). Vertical lines mark times when cyg
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Figure 2. Geophysical parameters and thermospheric
responses observed by GRACE plotted as funetions of
time for JD 306 to 330, 2004 using the same format as

Figure 1.

rapidly decreased to low values. The two slanted lines that
overlay the trace of In Ey;, during the subsequent periods of
low cys have identical slopes. Numerieally, E; has an
e-fold relaxation time 7 = 6.5 hours.

4. Modeling a Driven-Dissipative Thermosphere

[21] The behavior of Ey,, responding to variations in eyg
and dccaying cxponcntially to predisturbance levels when it

BURKE ET AL.: STORM TIME THERMOSPHERE
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turns off, is reminiscent of ecommonly observed phenomena
called driven-dissipative systems. The magnetic energy
generated by a current flowing in a resistor-induetor (R-L})
cireuit provides a familiar example [Young, 1992). Burton et
al. [1975] proposed that the ring eurrent evolves in a similar
way and derived a linear differential that deseribes changes
in Dst*, the pressure corrected Dst.

* Lo

dDdSt‘ = Gps| — 2:; UO)
Here <;, ap, and Tg¢ represent the interplanetary eleetrie
field, the ecoupling cocfficient and the relaxation time
constant of the ring current, respeetively.

[22] The following subseetions eonsider the driven-dissi-
pative properties of Ey,, T-., and Dst. The analogy of rolling
hills and roeky outerops drawn from GRACE data in Figure
| indicates that we may regard the scalar fields By, and T
as having two independent additive sources, the solar EUV
radiance and the solar wind. The driven-dissipative equa-
tions presented below deseribe the solar wind eontributions
to these scalars.

4.1. Energy and Power

[23] During magnetic disturbances E,;, variations correlate
with evs. Rather than pursue statistical relationships be-
tween these two quantities, we propose to exploit implica-
tions of information contained in the decay characteristics of
Ey, illustrated in Figure 3. Specifically we postulate that on
a global secale the storm time thermosphere acts like a
driven-dissipative system. If this conjeeture is correet, the
solar wind contribution to E,;, should evolve in ways similar
to Dst in equation (10). The governing equation takes the
form

dEgpsw Ems 1
T—“E’-’i's“ = ()
40 Y . Y . 3
\
NN
S 3] n
z b Q{ . @
7: —
m's ’\I € E<
= 30 .|| i1 F
- | =
1 I, B O . . """io
204 205 206 207 208 209 210 211

Julian Day 2004

Figure 3. Plots of cyg and the natural logarithm of Ey, sw
for the disturbanee on JD 206 to 211, 2004. Vertical lines
mark times of electrie field deerease. The slanted lines have
the same slopes indiecating that Ey;, sw decays exponentially
when ey turns off. The estimated e-fold relaxation time 7 is
~6.5 hours.
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Figure 4. Comparison of eyg (black), modeled Ey sw
(blue), and E,;, sw values inferred from GRACE measure-
ments of 5 (red dots) plotted as funetions of universal time
during magnetically disturbed periods of (top) July and
(bcitstom) November 2004. E; sw is plotted in units of
10°° J.

The coupling constant g and relaxation time 7¢ = 6.5 hours
are empirically determincd. Equation (7) can be solved
numerieally

A
Ensw(tnr1) = epers(ta) At + Ensw(ts) (l = T—:) (12)

where At represents the time step between samples. For
eonvenience we let At = 1 hour, and express £ys in mV/m.
In this case

1
Ensw(tai1) = agevs(ta) + Emsw(tn)(l = ;)

= agevs(ta) + .846Epsw(tn) (13)
Through trial and error comparisons with GRACE measure-
ments acquired during JD 150-230, 2004 we found that ag
~ 5.5 + 10" [(J/hr)/(mV/m)]. Numerical solutions of
equation (13) can be eompared with GRACE measurements
to confirm or refute the assumption.

[24] Figure 4 contains plots of cyg (black), solutions of
equation (13) (blue) and GRACE measurements of E;;, gw
(red). The plots represent the disturbed periods in (top) July
and (bottom) November 2004. In both instanees we approx-
imated E;;, gwas E;, — 6.1 10'7 J since the E21 sw calcula-
tions in Figure 5 are presented in units of 10'® J. Although
agp was determined using data from the summer of 2004
only, predictions of equation (13) also appear to be in good
agreement with GRACE measurements during November
2004.

[25] The essential correctness of equation (13) can also be
verified or falsified by comparing GRACE observations of
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thermospherie encrgy changes with independent W5 pre-
dictions of electromagnetic powcr into the thermosphere.
W5 uses solar wind/IMF measurements to predict distribu-
tions of Poynting flux into the northern and southern iono-
spheres. Integration over the affected areas provides the
global rates of energy input Pys. On the other hand, orbit-
averaged E,, measurcments from GRACE are snapshots that
capture the thermosphere’s total energy content averaged
over orbital periods. GRACE data reflcct balances that the
thermosphere strikes between power received from the solar
wind and lost via radiative and other processes [Mlynczak et
al., 2005].

[26] Equation (11) provides a bridge between the two
approaches. The term agcyg represents the rate at which
energy 1s provided to drive the storm time thermosphere.
Thus it ean be compared with Py direetly. Sinee ag = 5.5
10'® [(J/hr)/(mV/m)] and Pys is in Watts we must divide o
by 3600 s/hr to obtain ag ~ 1.528 « 10'> W/(mV/m) or
1.528 TW/(mV/m). Figure 5 shows plots of Pys (red) at a
S-minute cadence and hourly averaged 11, = ag cvg in TW
for the storms of July and November 2004. The af ey trace
was time shifted by | hour to allow for transport from ACE
to the magnetosphere. Delay times used in W5 vary
according to the speed of the solar wind and the tilt angle
of surfaces of constant interplanetary elcctrie field phase
[Weimer et al., 2002]). In genecral the agreement between
Pws and the power required to explain GRACE-based
calculations of Ey, appears remarkably good. Thus, on a

[ ] w = n
L

210

Input Power (TW)

314

313
Julian Day 2004

315 316 317

Figure 5. Comparison of storm time power into the global
thermosphere predicted by the W5 model (red) and aeys
(black) plotted as functions of UT during magnetically
disturbed periods in (top) July and (bottom) November
2004.
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Figure 6. Model predictions of T sw (black) and cyg
(red) inferred from hourly averaged parameters from ACE,
plotted as functions of universal time for JD 150 to 230,
2004,

global scale. power inputs predicted by W5 and needed to
model GRACE measurements are viewed as mutually
consistent. Consequently, Pyws as well as «g cyg can be
used as a driver in equation (11) to estimate the develop-
ment of Ey, sw

[27] Attention is directed to two particular aspeets of the
results shown in Figure 5.

[28] 1. GRACE measurements and W35 predictions indi-
cate sustained eleetromagnetic power input >1 TW during
both the July and November storms. This is significantly
greater than the storm time inputs due to energetic particle
precipitation and from solar UV [Knipp et al., 2005].

[29] 2. During the third disturbance of the July period and
the first one of the November storms, Pws > ag cys by
significant amounts. This diserepancy probably reflects the
different estimates of ®pc. In both instances the polar cap
potential used in W5 was larger than that predicted by the
Siscoe-Hill model (Appendix A). For a given system of
ficld-aligned currents the one driven by the higher ®p¢
requires a higher power input to overcome collisional drag
exerted by ncutrals on E x B drifting ions.

4.2. Exospheric Temperatures

[30] While E4, may be of interest for estimating cnergy
transfer from the solar wind and magnetosphere to the
thermosphere via the high-latitude ionosphere, 7. is gen-
erally a more useful parameter for operational modelers of
atmospherie drag [Marcos et al., 1998]. The lincar relation-
ship between Ey, and T captured in equation (7) indicates
that a differential equation similar to (11) also deseribes the
evolution of 7., gw. We assume that 7. has independent
UV and solar wind sources, To. = T, uv + T sw. Since
the solar UV provides thermospherie baselines

= Equv(J) — 5.365 - 107
Ty = 8.727- 108 (14)
and
= Ensw(J)
oo =877 100 s

substitution of (15) into (13) gives

s e 1
Tyswltasr) = arsvs(ta) + Tx swity) (' = T_h)

~ 63evs(ty) + 846 T swity) §L6)
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The coupling coefficient ay = a/8.727 - 10> = 5.5. 10"/
8.727 - 10" = 63.

[31] Figure 6 shows plots of evg (red) and T -, sw (black)
for JD 150-230, 2004. Attention is directed to three aspects
of these data:

[32] 1. Whenever solar wind data from ACE were un-
available we set ey = 0. In these intervals modeled T, sw
decrcased exponentially, but quickly recovered when the
eys data stream resumed.

[33] 2. During periods of relative magnetic quict 7+ sw
ranged between 70 K and 100 K.

[34] 3. Spikes in eyg always produced analogous
responses in 7 -, sw.

[35] Figure 7 compares variations of modeled T sw
(blue) with values inferred via equation (2) from measure-
ments of 7 by aecelerometers on GRACE during the two
magnetie storm periods. For the July and November storms
we cstimated T.. sw by subtracting constant baseline
estimates of 900 K from the full measured values of T
shown in Figures 1 and 2. Again, agreement between model
predictions and observations appears quite good. Closer
agreement between data and the model can be achieved
using time-varying representations of T ;v baselines that
allow for solar rotation indueed trends apparent in GRACE
data [Bowman et al., 2008].

Exospheric Temperature (K)

313 314 315 316

Julian Day 2004

312

Figure 7. Modeled T, sw (blue) and values inferred from
GRACE measurements of 7 (red dots), plotted as funetions
of UT during the magnetically disturbed periods of (top)
July and (bottom) November 2004. T.,.sw Wwas approxi-
mated by subtracting 850 K from GRACE-based estimates
of T,.

7 of 12



A06306

T D———————
]
14
P — F 1 =
2F 1 =
-4 {32
- . ] &=
e | 17 =
w 1 * ] s
\_; 1
0 e A e
204 205 206 207 208 209 210 2115
3 T T T Y T T ]
4
-~ 3%
E =
7 2 5
w |1 :;’
1

0 et 1)
310 311 312 313 314 315 316 317
Julian Day 2004

Figure 8. Comparison of (black), modcled (blue), and
measured (red) Dst plotted as functions of UT during the
magnctically disturbed periods of (top) July and (bottom)
November 2004, For easc in making comparisons with cys,
plots show the negative of Dst.

4.3. Thermosphere-Dst Relationships

[36] Burke et al. [2007a] demonstrated that during mag-
netic storms the Dst index evolves in ways that closely
approximate the forms of p(t) traces throughout the main
and early rccovery phases of storms. In late recovcry phases
Dst relaxes over scveral days while 7(f) returns to its
prestorm baseline in a few hours. Burke et al. [2007b]
found that during magnetic storms with simple main phases,
Dst(ty = a + b - Iys (f)with very high correlation coef-
ficients, where Iys (1) = [ eys (t)dt’. This approach ignores

the main phase dissipat?on term in equation (10). Linear
regression slopcs varied over a relatively wide range. The
steepest slopes of about —40 nT/(mV/m) wcre obtained
during storms with sharp transitions between main and
rccovery phases. We approximate (10) as

dDst Dst
—0 = @pfvs — —
dt TRC

(1n
using ap = —40 [(nT/hr)(mV/m)] and 7r¢ = 7.7 hour
[http://sprg.ssl.berkeley.edu/dst_ index/welcome.html]. This
approach has two obvious advantages: (1) Ey,, T, and Dst
can all be regarded as rcsponding to the same force field,
and (2) cys approximates the electric ficld that energizes
ring current particles and incorporates the esscntially
nonlinear coupling of thc solar wind/IMF with the storm

BURKE ET AL.: STORM TIME THERMOSPHERE

A06306

time magnetosphere (cf. Appendix B). To test the utility of
making this substitution Figure 8 compares ¢y (black) with
solutions for equation (17) (blue) and provisional Dst (red)
as functions of time during the July and November 2004
storms. While lacking the precision and sophistication of
artificial intelligence solutions presented by Temerin and Li
[2002, 2006] equation (17) gives an approximate rcpresen-
tation of Dst’s storm time development.

[37] Over the past decade the solar wind/IMF data needed
to calculate £ys have been available almost continuously.
Howevecr, critical input data were oftcn unavailable in the
past and may bccome so in the not-too-distant futurc.
During many storms energetic solar protons render it
impossible to determine solar wind densities in real time.
Nevertheless operational responsibility for calculating the
precise trajectories of space objects continues. Knowledge
of T, is critical for estimating thermospheric densities and
the corresponding atmospheric drag (equation (8)). The
remainder of this subsection explorcs the possibility of
using Dst to provide real-time information regarding
changes in T, during magnetic disturbances.

[38] 1t is possible to exploit the formal similarities be-
tween diffcrential equations for T, and Dst to calculate the
enhanced storm time drag on space objects even in the
absence of data from L;. This is accomplished by eliminat-
ing the common term cys from the two equations

s [szw([nﬂ) = (l = L)T'x SW(tn)] = evs(ta)
ar Te

1 1
= = [Dst(t,m) - (I - T—RC> Dst(tn)] (18)
Rearranging tcrms gives
" T\
Tosw(tors) = (l _T_E)T’“Sw(t")
gt [sz(:.w.) - (I -L> sz(:n)] (19)
ap TRC

To solve (19) numerically we set 7. sw (fo) = 0; the ratio
agap = 1.575. Since we are only interested in the storm
time Dst, following Burton et al. [1975] we set the "quiet
time" Dst as —20 nT and impose the numerical constraint

if Dst < —=20nT

Dst :
e if Dst > —20nT

—~20nT: (20)
Figure 9 plots calculated values of T sw (f) (blue)
obtaincd using the Dst time series as the driver of equation
(19). The red dots again reprcsent values of v Tig—
900 K inferred from GRACE measurements of p. By and
large agrccment between the model and data appears quite
good. Note that on JD 210 and 316 the modeled S (1)
decays at a much slower rate than is actually observed. This
reflects the slow decay rate of the symmctric ring current in
the late main phase when elcctric coupling between the
magnetosphere and ionosphcre-thermosphere weakens.
Bowman et al. [2008] describe practical ways to overcomc
this deficiency.

[39] It is also possible to apply this techniquc to make
forensic reconstructions of thermosphcric and interplanetary
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Figure 9. Predieted T, sw (blue) with Dst as driver and
valucs inferred from density measurements by GRACE
(red) plotted as funetions of UT during the magnetieally
disturbed periods of (top) July and (bottom) November
2004. As in Figure 7, measurcd T, sw was approximated
by subtracting 850 K from GRACE-based estimates of T ..

conditions during previous large magnetic disturbances
when solar wind measurements were unavailable. Beeause
of its widespread space weather effects the March 1989
storm offers an intcresting example. The traee in the bottom
plot of Figure 10 shows that early on 14 Mareh Dst
approached a minimum of —600 nT. Figure 10 (middle)
shows T.. sw (#) obtained by a numerical solution of
equation (19). We estimate that 7. rosc ~800 K above
prestorm background levels, mueh more than the 300 to
400 K increases of July and November 2004. Figure 10
(top) plots an estimate of cyg obtained through a numerieal
solution of equation (18). Near the maximum epoch of the
main phase the caleulated cy5 excecded 4 mV/m. Although
this value is large in comparison with the July and November
2004 storms, it is not outlandish. During the storm of
Mareh 1991 the Combined Release and Radiation Effects
Satellite (CRRES) measured sustained dawn-to-dusk electrie
fields of ~6 mV/m in the inner magnetosphere [Wygant et
al., 1998).

5. Discussion and Conclusions

[40] This section summarizes the research reported above,
lists its three new seientifie eonelusions, and eomiments on
its range of applicability.

[41] During the main phases of large magnetic storms
DMSP spaeeeraft regularly cross sheets of intense (>1 A/m)
field-aligned currents at auroral latitudes that produece
very weak ground signatures. Energy deposited over thc
~20-minute lifetimes of these struetures aceumulates to a
significant fraction of the ring eurrcnt energy. Huang and
Burke [2004] suggested that: (1) models using ground
magnetometer measurements underestimate encrgy inputs
to the storm time thermosphere, and (2) the ring eurrent acts
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as an cnergy reservoir from which the thermosphere draws
energy. Direct comparisons of GRACE measurements with
predictions of presently used models eonfirmed the first
conclusion [Burke et al., 2007a]. Observed correlations
between variations of p and Dst/ey seemed to eonfirm the
seeond. In this papcr we applied a new technique to deter-
mine exospherie temperatures and thcrmospheric energy
contents from GRACE measurements of p. Data presented
in Figurcs | and 2 show that during large magnetie storms the
energy content of the global thermosphere rises by sevcral
times that of the ring eurrent estimated via the Dessler-
Parker-Sckopke relation. The observed responses of Ey, to
eys led us to explore the possibility that the storm time
thermosphere and ring current act as driven-dissipative
systems with the same driver but different relaxation time
eonstants. Numerical solutions of the differential equation
govemning the behavior of sueh systems were eompared with
the observed variability of E, T., and Dst. Agreement
between data and model predietions eonfirms the essential
correetness of the driven-dissipative pereeption. Given their
widely different data sourees, we regard agreement between
estimates of elcctromagnetic power into the thermosphere
predicted by ageys and Pys as strong, independcent confir-
mation of our driven-dissipative perception of thc storm time
thermosphere.

6
i) 4 | ]
=
5
o
u" 3 4
0
1000
800 |
< 600 |
8
= 400
200
0

Dst (n'T)

12 13 14 15
March 1989

Figure 10. Model estimates of (top) £y and (middle) T
sw driven by (bottom) Dst during the magnetie storm of
Mareh 1989.
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[42] The three major new conclusions of this paper are.

[43] 1. Storm time energy increments to the global
thermosphere are well represented as those of a driven-
dissipative thermodynamic system.

[44] 2. Rates of electromagnetic cnergy inputs to the
thermosphere consistent with 7 variations measured by
GRACE match the independent predietions of the W5 model.

[as] 3. Since T, sw and Dst respond to the same eyg
driver, quantitative estimates of changes in the storm time
thcrmosphcere can be extracted cven when interplanetary
data are unavailable.

[46] We close with a caveat emptor. During the research
period leading up to the writing of this papcr our aecess to
rcduced CHAMP and GRACE measurements was limited.
Since the CHAMP data segment had significant gaps during
magnetic storms, our analysis concentrated on measure-
ments from GRACE during the summer and late fall of
2004. Thus this report is more an cxtended case srud?' than a
statistical analysis. Our estimate of ag ~ 5.5 - 10" [(J/hr)/
(mV/m)] relicd solely on GRACE measurements acquired
during the July 2004 storm pcriod. With no adjustments this
value also replicated GRACE-based estimates of E;, sw
during thc November storms. Because ag cys and the
indcpendently determined Pyws are in substantial agrecment
during the two storm periods we regard this cstimate as well
grounded.

[47] That said, we also regard the stated value of ag as
approximate rather than definitive. The main reason for this
assessment derives from the recent analysis of Bowman et
al. [2008] who demonstrated that the independent calibra-
tions of accclerometers on CHAMP and GRACE are
irreconcilable. The calibration differences are not large.
However, it will take time to reach consensus on the best
in situ calibrations of the CHAMP and GRACE acceler-
ometers.

Appendix A: Model of the Thermosphere of
Jacchia (1977]

[48] J77 1s a static model of thermospheric densitics based
on analytically defined temperature profiles. It approximates
the upper atmosphere as being composed of N,, O,, O, He,
and H with all species sharing thc same temperature
profiles. These gases are considered well mixed below
100 km and in diffusive equilibrium above it. The meso-
pause is sct at the height z, = 90 km where J77 imposes the
boundary conditions: pgo = 3.43 x 107 g/cm’, Teg= 188 K,
and dTo¢/dz = 0. At z, = 125 km all temperature profiles
have inflection points (dz'l‘,(/dz2 = 0), where dT,/dz is
continuous. Above 125 km T increases and asymptotically
approaches an exospheric temperature T.. Both the tem-
peraturc Ty and dT,/dz at the inflection point arc functions
of Tsx

[49] In the J77 model the relationship between T, and T,
is given by

T. = 188 + 110.5Sink '[.0045(T,. — 188)]
For 90 < z < 125 km

Y -1 &‘___ (z —z) ? \
T=T,+Atan {A(.. -‘)|:l+l.7((:_:0))]} (A2)

(A1)
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For z > 125 km
T=T,+Atn"' {%ﬁ —.-J[l +5.5-107( —:‘)2]} )

where G, = 1.9(3=2) and A = (/7T — T).

[s0] Above 100 km, densities of individual species n(1)
are dcscribed by the diffusion equation

dn(i)
n(i)

Mg = dT
——Wd. T(l+(l,)

(A4)

where M; is the molecular weight of the ith species, g is the
local acceleration due to gravity, R* is the universal gas
constant 8.31432 joules/(mole °K), and the thermal
diffusion coefficient o; = —0.38 for helium and «; = 0 for
other constituents.

Appendix B: Volland-Stern Electric Fields

[s1] As formulated by Ejiri [1978] the Volland-Stern (V-
S) model offers a simple, albeit limitcd, method for esti-
mating the trajcctories of ring current ions in the inner
magnetosphcre. Onc difficulty in applying the model
concerned the connection between the interplanetary elcc-
trie ficld (IEF) and its magnetospheric manifestations. Burke
[2007] reformulated V-S by combining it with the Siscoc-
Hill (S-H) model of the polar cap potential (®pc) to show
that in the absence of shielding the electric field in the inner
magnetosphere is given by cys & ®p/2RgLy, where the
denominator represents the width of the magnetosphere
along the dawn-dusk line. This appendix outlines our
method for calculating values of ¢y used in the main text,

[s2] Empirical studies suggest that on the dayside the
equatorial magnctopause is nearly self-similar in shape with
Ly = 1.5 Ly (Roelof and Sibeck, 1993]. Force balance at the
subsolar magnetopause requires that

2
Ly =9 By ~ 00 and
toPsw  {/Psy (nPa)

Ly ~ 14.4/\6/ ng(nl’a)

More precise estimates of magnctopause dimensions that
include erosion effects can be introduced where more
rigorous calculations are required [Yang et al., 2003].

[s3] Between 1980 and 2000 many investigators sought
linear relationships between ®pc and interplanetary param-
eters. Burke et al. [1999] surveyed published analyses of
®p dependence on solar wind parameters and showed that
in the linear regime, consistently high correlation cocffi-
cicnts were obtained with the relationship

(B1)

6
e (kV) = Do + LGVSWBTSW5 (B2)

The subscript E rcfers to IEF contributions; ®; is a residual
potential with typical values between 20 and 30 kV, By =
V/(BY + B2), and 6 = Cos ™ '(B2/By) is the IMF clock angle
in the Y-Z plane. The term Vsy Br Sin® 6/2 roughly
corresponds to &) in equation {10) [Burton et al., 1975]. If
we cxpress Vgw By in kV/Rg (where 1 mV/m = 6.4 kV/Rg)
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then the regression slope Lg represents a 3 to 4 Rg wide
“gate” in the solar wind through which geoeffective
streamlines (equipotentials) must pass to reach the dayside
magnetopause.

[54] Siscoe et al. [2002] suggested that during large
magnetie storms Region | currents generate perturbation
magnetic fields that alter the shape of the dayside magne-
topause, thereby limiting aceess of solar wind streamlines
and foreing the merging rate to saturate. Following the
suggestion of Hill [1984], Siscoe et al. [2002] postulated
that a saturation potenttal ®g contributes to ®pc

Ppc = ‘I’i

DD (
by + g

|
]
1+ ‘Il) g (% + LG VswBrSin? 5)

,0
= f(‘bt.‘bg)g(‘po + L(,'VSWBTSin‘ -2-) (83)

Note that when & <« &g, bpc — @, and the standard
linear relation equation (B2) is retrieved. Since the ratio $y/
bg > 0, §(Pg., Og) < 1. We define the width of the storm time
geoeffeetive gate as Lgg = £(Pg, Pg) L. Sinee eyg = Cpc/
2LyRg, the ratio gy/eys = 2Ly/Lgs. Beeause Lgs is a
funetion of ¢ the ratio of interplanetary to magnetospheric
clectric fields is inherently nonlinear. No single ratio
deseribes all situations.

[ss] Siscoeetal [2002]derived an expression for &g inkV.

boiryy . 1600V Py (nPa)
bs(kV) = T (B4)

where Pgy, 1s the dynamte pressure of the solar wind and ¥p
ts the effeetive Pedersen conductance of the polar iono-
sphere. Ober et al. [2003] used data from the SWEPAM and
MFI on ACE to eompare ®pc predietions of the S-H and
other models with DMSP measurements during the
magneti¢ storm of Marech 2001. Under prestorm conditions
all of the models predicted ®pc values measured by DMSP.
During the main phase S-H predictions of ®pc provided an
exeellent, upper bound envelope for DMSP observations.
Linear models predieted much larger than observed ®pc.
Burke et al. [2007b] found that setting ¥p = 10 mho
provided ecxecellent agreement between ealeulated and
observed ®pc during a large number of magnetic storms.

[s6] In eomputations of cyg we used hourly averaged
values of the solar wind density and veloetty from SWE-
PAM and IMF eomponents in solar-magnetospherie coor-
dinates from the MFI on ACE. In applications to Siscoe-Hill
we set &g =25 kV, Lg = 3.5 and £ = 10 mho.
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